Abstract Eutrophication-induced changes to benthic faunal activities are problems of significant ecological impact, affecting global nutrient budgets as well as local trophic connections. We address the question of how nitrogen loads to estuarine embayments alter the bioturbation activities of benthic fauna. Specifically, we related local benthic activities to calculated local nitrogen concentrations for 22 northeastern US estuaries. These local nitrogen concentrations were derived from the calculated nitrogen loading for the embayment together with the spatial distribution of the local flushing time. Our results showed a maximum bioturbation rate at intermediate nitrogen concentrations or a "hump-shaped" pattern of response. This behavior was evident in all embayments that had a range of concentrations including low, intermediate, and high values. Embayments where sampling did not include this full range did not show this behavior. This work provides methods and guidance to help managers make decisions concerning the effects of nitrogen loading on the activities and wellbeing of benthic fauna in coastal embayments. The novelty of this approach lies in identifying the response of bioturbation to nitrogen loading in many systems, without costly and time-consuming speciation of benthic fauna, and also in rapidly identifying embayments and aquatic areas with vulnerable fauna. These results are ecologically significant in supporting the hypothesis that benthic organism abundance and activity will peak at mid-levels of nitrogen due to the interplay of food availability and oxygen levels, noting that the critical levels of these factors differ among water bodies.
Introduction
The relationships between nitrogen dynamics and indirect responses to nutrient enrichment (e.g., changes in dissolved oxygen (DO) and benthic function) within coastal water bodies are very complex. Briefly, within an embayment, nitrogen can exist in various forms, including dissolved inorganic nitrogen (DIN), dissolved organic nitrogen (DON), and particulate organic nitrogen (PON). Cloern (2001) describes a contemporary model of coastal eutrophication where nutrient loading, modulated by a "filter" of system attributes (e.g., physical energy, density gradients, transport times, turbidity, biomass of filter feeders), led to direct responses such as changes in the dynamics of primary production, which in turn then led to indirect responses, such as changes in DO, benthic communities, nutrient cycling, benthic function, food web structure, and more. This model is explained by specific biogeochemical mechanisms. Living plants and algal cells take in different forms of nitrogen, generally in the order of DIN followed by DON. As these primary producers bloom, they create biomass and particulate organic forms of nitrogen (PON) composed of plant and algal tissues. This biomass is a food supply for consumers and may initially lead to an enrichment or enhancement phase of eutrophication that is characterized by increases in the biomass and sizes of consumers (Cloern 2001) . However, as primary producers and consumers respire, they remove DO from the water column. As nutrient levels increase and production continues, organic matter settles to the bottom and decomposes, also contributing to higher oxygen demand (Rosenberg et al. 2001 ) through bacterial respiration. Increased eutrophication may lead to DO depletion near the bottom, which is strongly affected by a variety of physical factors and system attributes (i.e., modulating filters), particularly those contributing to reduced vertical mixing and a stratified water column.
Indeed many studies have shown that high levels of nutrient additions, through a variety of processes, can cause decreases in DO in the lower parts of the water column (Kemp and Boynton 1992; Turner and Rabelais 1994; Paerl et al. 1998; Cloern 2001) . Low DO leads to significant impacts on multicellular animals, decreasing the biomass and average size of benthic fauna (Dauer et al. 1992; Diaz and Rosenberg 1995; Nilsson and Rosenberg 2000; Rosenberg et al. 2001) and at times causing massive and widespread die-offs of benthic fauna (Rosenberg and Loo 1988; Schaffner et al. 1992; Stachowitsch 1992; Diaz and Rosenberg 1995; Altieri and Witman 2006) . Nutrient additions beyond the enrichment/ enhancement phase, working through the filter of systemlevel attributes and local conditions, can increase the severity of low DO events and result in death of fauna. A few studies have documented the entire chain of events, from increased nutrients to increased primary production to decreased bottom-water DO to decreased fauna (e.g., Desprez et al. 1992; Paerl et al. 1998) .
Dissolved oxygen levels in the lower layers of the water column significantly affect oxygen regimes in the upper layers of the sediment as well; these two regions are tightly coupled. Under conditions of oxic bottom water, the upper few centimeters of coastal sediments may also support oxic environments. Interstitial pore water may be oxidized, and the co-located sediment particles become oxidized. In contrast, low bottom-water DO decreases the oxygen present in the upper sediment layers, both directly (because less oxygen is available to oxygenate sediments through diffusive and other processes) and indirectly (because the burrowing activities of larger fauna are decreased). Oxygen-dependent benthic fauna drag and pump the oxidized zone deeper into the sediment, but these activities are greatly reduced when oxygen concentrations are low (Diaz and Rosenberg 1995; Rosenberg et al. 2001) . Shallower oxidizing sediment depths, smaller sizes of benthic fauna, and decreased bioturbation activity correlate with low bottom-water DO Nilsson and Rosenberg 2000; Cicchetti et al. 2006) .
Bioturbation itself is critical to the persistence of aquatic communities (Solan et al. 2004) . When biogeochemistry and faunal activity levels within bedded sediments are altered, as by decreased pore water oxygen levels and decreased bioturbation, vital microbial activities such as nutrient processing, including denitrification pathways, may also be altered (Jenkins and Kemp 1984; Nilsson and Rosenberg 2000) . Denitrification decreases the amount of nitrogen available to primary producers as N 2 O and N 2 diffuse into the atmosphere (Herbert 1999) . A positive feedback loop can result from nitrogen additions so that more nitrogen leads to more anoxia, which leads to less denitrification, which leads to more available nitrogen, which leads to more anoxia, etc. (Kemp and Boynton 1992; Diaz and Rosenberg 1995) . This process adversely affects microbial functioning, which is vital to maintaining healthy coastal ecosystems (Herbert 1999) . Further, these anthropogenic influences alter the composition and quantities of nitrogen in the three major pools (DIN, DON, and PON), resulting in a number of ecological changes. Incidences of low-DO events in coastal waters are occurring at rapidly increasing rates and over increasingly larger spatial scales (Diaz and Rosenberg 1995; Diaz and Rosenberg 2008) . Benthic mortalities and changes to bioturbation and biogeochemical processes that are associated with low-DO events are similarly increasing at a rapid rate, widely attributed to anthropogenic nutrient additions and resulting eutrophication (Diaz and Rosenberg 1995) .
In this paper, we explore the combined use of a nitrogen modeling tool and a rapid benthic sampling method, both of which can be employed over broad spatial scales to help address the nature and extent of coastal eutrophication. Our technique of modeling nitrogen concentrations is based on a general methodology that provides estimates of localized average nitrogen concentrations. Our use of sediment profile imaging provides rapid direct observations of bioturbation activity to document benthic function over appropriate spatial scales. The specific objectives of this work are: (1) to characterize stressor-response relationships between local long-term average nitrogen concentration and the thickness of the apparent Redox Potential Discontinuity layer or aRPD (an indicator of the bioturbation activity of benthic organisms) and (2) to explore how patterns of exposure and effects due to nitrogen loading vary among and within coastal systems. To our knowledge, the stressor-response analysis we present here has not been explored in contemporary studies.
Methods

Nitrogen Loading
Yearly loads (kg year −1 ) of total dissolved nitrogen (referred to as N henceforth) to estuaries were obtained from watershed analysis (Latimer and Charpentier 2010) for 22 systems in southern New England, USA (Fig. 1) . These calculations rely on a model that estimates N loading into each estuary from the entire watershed of that estuary. The model is based on parameters taken from the literature to approximate the loading levels and attenuation rates for each land use type, multiplied by the areas of each land use type within the watershed. This accounts for inputs due to agricultural and residential fertilizer applications, sewage treatment facilities, and septic systems as well as other inputs. The model also includes atmospheric loading, both to the watershed and to the water surface.
Local Average Concentration of Nitrogen
The spatial distribution of N local average concentration (LAC) was calculated by combining empirical concepts to calculate average concentrations in lakes and estuaries (Vollenweider 1975 and Dettmann 2001, respectively) where the term on the left side represents the LAC, i.e., the localized N concentration that is "seen" by resident organisms at a specific location. The two terms on the right side represent watershed and ambient contributions, respectively. The term in brackets defines the loading rate, where load is defined as the N mass that reaches an embayment from all sources within a certain time period (season, year, etc.). Our calculations apply N yearly loads that were obtained from watershed analysis (Latimer and Charpentier 2010) as described above. Uncertainty in estimating this load will directly impact the accuracy of the local concentration values. The local time scale is an estimate of the average time over which a specific location is exposed to the local water mass and the constituents therein in corresponding time units, e.g., a year. Dividing the loading rate by the embayment volume and multiplying by the local time scale gives an estimate of the spatial distribution of the local average concentration during the specified time period. The general concept of a "transport time scale" has been used in aquatic studies for decades. Three related measures of this time scale have been emphasized in the aquatic literature, i.e., "flushing time," "age," and "residence time" (Monsen et al. 2002) . According to Monsen et al., flushing time is the ratio of the total mass of a constituent (or water) in a water body to its overall rate of renewal, age is the duration of time that a water parcel at a specified location has spent in the water body since entering it, and residence time is the elapsed time until a water parcel at a specified location leaves the water body. In addition, "transit time" is Table 2 another time scale that considers the total time spent by a molecule from entering until leaving the embayment (Bolin and Rodhe 1973; Zimmerman 1976; Takeoka 1984) , and "turnover time" is the time needed to exchange all the material in the embayment with new material. The common denominator in all these time scales is that they apply to the embayment as a whole and consider water parcels as they enter or leave the water body. The local ecological components, however, respond to local changes in concentrations and associated local timescales, not the travel time of water parcels in or out of the embayment (Abdelrhman 2006) . Thus, we decided to use a time scale that is more relevant to our relatively immobile benthic fauna.
The local time scale in our approach is taken as the "local flushing time" (LFT) which tracks the replacement of local water with outside water (Choi and Lee 2004; Rubash and Kilanowski 2007; Lee and Qian 2003) . It is the time period for the concentration of a uniformly distributed tracer to drop below a threshold value at a specific location within the embayment. In the numerical simulation, a conservative tracer (dye) is assumed to be evenly distributed throughout the embayment at an initial concentration c 0 =100 mass units per cubic meter. The concentration is assumed zero at the open boundary of the model, i.e., any tracer that exits there is permanently lost from the system. The transport model distributes the numerical tracer over the embayment by using the currents and mixing produced by the hydrodynamic model which encompasses all physical effects due to embayment shape, bathymetry, entrance width, etc. The LFT is given by the decline of the concentration to 1/e of its initial value (∼ 37%) at this location. The uncertainty in this time scale is tied to that of the numerical models used to calculate it. Sophisticated high-dimensional models with turbulent closure schemes can considerably reduce this uncertainty.
To avoid the prohibitive data requirements for running multidimensional sophisticated models for a number of systems, the models and methods presented in Abdelrhman (2005) are used here. In brief, the method uses Global Information System databases (MassGIS 1993) to provide the boundaries and bathymetry for the system of interest. These data are used to generate two-dimensional numerical grids for finite element models to predict circulation and transport. Tidal forcing is obtained from published tables and web sites. Coefficients of bottom friction are estimated from bottom type and water depth on published maps. Estimates of the coefficients of turbulent diffusion and dispersion are acquired from published relationships and default ranges (Boss International 1995) . Ideally, these coefficients should be obtained through a calibration-andvalidation process. The model simulates the transport and mixing generated by tidal forces and circulation, describes the flushing behavior of the embayment, and finds the spatial distribution of LFT within the embayment during average tides. In our analysis, emphasis is put on the loading of nitrogen from the watershed; the contribution from the seaward boundary is omitted because it does not contribute to the spatial variability within the system (see "Discussion" for more details).
Sediment Profile Imaging
Sediment profile cameras penetrate into the sediment and photograph a cross-section (i.e., "profile") of the sediment through an acrylic face plate (Rhoads and Cande 1971) . This procedure provides a visual image of a variety of benthic characteristics, including fauna, as well as evidence of faunal activities, such as burrows, tubes, feeding voids, etc. These images also reveal a number of sediment and biogeochemical features, including the aRPD depth, defining the depth of the sediment layer that contains particles which appear oxidized due to their tan, brown, or reddish color (Rhoads and Germano 1982) . The actual RPD depth (i.e., the depth where E h as measured with electrodes is zero) has been shown to correlate well with the aRPD depth (Grizzle and Penniman 1991; Rosenberg et al. 2001) , which also correlates to near-bottom DO concentrations Cicchetti et al. 2006) and is an indicator of the level of benthic bioturbation activity (Nilsson and Rosenberg 2000; Rosenberg et al. 2001) . Recent work has shown that the color break (aRPD) in the sediments marks the depth at which iron (Fe) remains insoluble and thus indicates oxygen penetration into the sediment, which is correlated to faunal activity levels (Teal et al. 2009 ). We consider aRPD to be a proxy for bioturbation, a fundamental benthic function that is critical to many processes within the sediments. Sediment profile imagery has been used by other workers to characterize bioturbation activity as well; Solan et al. (2004) report on the biogenic mixing depth (a measurement functionally equivalent to the aRPD) as an indicator of bioturbation. correlated the aRPD to reductions in organic loading and increases in bioturbation in an intensive study of Boston Harbor. Shumchenia and King (2009) found that the aRPD was a good discriminatory feature for distinguishing hypoxia from normoxia. The uncertainty in estimating aRPD depends on the image processing analysis and the skill of the analyst in identifying the depth of the oxidized layer.
In an independent study, a sediment profile camera was employed to capture images of the sediments at 495 stations in the same set of embayments in the New England region for which we obtained nitrogen loading data. Each embayment was visited at least once in 2000 to 2003 during the July, August, and September time frame for maximum effects of hypoxia. The camera was deployed at seven to ten randomly selected stations within each embayment. The digital sediment images were processed using image analysis software. To identify the aRPD, the operator used software to assist in delineating a line to indicate the demarcation between the tan and brown colors of oxidized sediments and the black and blue colors of reduced sediment. Digital tools were used to calculate the average aRPD depth within each image. The methodological details of the sediment profile study are presented in Cicchetti et al. (2006) and references therein. For this work, we used sediment profile image data that were collected from two estuaries, Bristol Harbor and Kickamuit River, RI, USA, to look for within-system patterns along the estuarine gradient from head to mouth (Fig. 2) , within all depths>2 m. Data from Bristol Harbor were collected in 2000, and those from Kickamuit River were obtained in 2000 and 2003. We also analyzed images from 20 other embayments (for a total of 22 systems; see Fig. 1 ) collected in 2000, 2001, and 2003 to look for among-system patterns.
Because bioturbation was our primary interest, we eliminated images with aRPD depths less than 5 mm from consideration as irrelevant to our analysis because mechanisms other than bioturbation may dominate oxidation of this layer, in particular, diffusive processes which affect only the top millimeters of sediment. Images with aRPD<5 mm constituted about two thirds of the data and obscured the concentration-response relationship in the early stages of our analysis (Abdelrhman and Cicchetti, 2010) . Further, only data from muddy substrates, with camera penetration≥5 cm, were used in our analysis. In the 22 embayments presented here, aRPD values ranged from 5 to 53 mm with an overall mean value and standard deviation of 17±10.2 mm.
Results
Within-Estuary Patterns of Nitrogen Loading and Bioturbation Activity
For illustrative purposes and to explore within-system patterns, we studied Kickamuit River and Bristol Harbor at high spatial resolution. Table 1 shows the estuarine volume and the estimated watershed nitrogen loading for these estuaries, which vary significantly with respect to both the volume and the yearly load of total nitrogen. Table 1 also presents stations that satisfied the selection criteria (muddy substrate with camera penetration≥5 cm and aRPD>5 mm) within these two embayments. The modeled spatial distribution of nitrogen local average concentration (N-LAC) in these estuaries is presented in Fig. 2 . These distributions mimic the distributions of LFTs introduced into Eq. 1 (see "Methods"). N-LAC reflects the estuarine gradient from head to mouth. (open circles) with N loads entering from various watershed outlets and groundwater along the shoreline. The symbols of the sampling stations from the benthic camera (for aRPD analysis) match the same symbols used in Fig. 3 systems, characterized by an enhancement of faunal activity as N-LAC increases at low levels, a peak at the mid levels of N-LAC, and a decline in faunal activity at high concentration levels. This figure also shows that the two embayments have different sensitivities to nitrogen concentration, as demonstrated by the shift in data between Bristol and Kickamuit along the horizontal axis. This shift may be due to differences in the attributes of each system (e.g., temperature, salinity, turbidity, etc). An examination of the spatial locations of stations in Fig. 2 and their level of faunal activities on the hump-shaped behavior in This spatial pattern is expected to exist in systems where N concentrations occur over a wide range from low to high values; systems with narrower ranges of concentration that do not reach higher values may not exhibit such behavior (see "Discussion").
Among-Estuary Patterns of Nitrogen Loading and Bioturbation Activity
To explore among-system relationships, N-LAC and aRPD were evaluated in all 22 embayments studied. Table 2 presents embayment volumes, nitrogen loads, and the calculated ranges of N-LAC for all embayments, as well as the model-calculated maximum and minimum LFTs. The relationship between N-LAC and bioturbation in all systems was examined using about 90 aRPD records that satisfied our selection criteria (aRPD>5 mm in muddy Fig. 2a ). Embayment volumes and N loadings are presented in Table 2 a (Table 2 ). Figure 4 confirms the pattern seen in Fig. 3 , also showing a "hump-shaped" relationship between aRPD and N-LAC. This is further evidence for an enhancement of faunal activities at low nitrogen concentrations, followed by a decline in faunal activity levels as nitrogen concentrations continue to increase. We chose to visually brand (by shading) the range of concentrations (∼ 40-110 μg L −1 ) that encompasses the highest aRPD values so as to discern these levels of faunal activity in our figures.
Discussion
Overall Findings
The hump-shaped response observed in this study is similar to the "hormesis" effect seen in biological systems (Calabrese and Baldwin 1998) . This occurs when toxicants or other stressors produce a positive response at low doses while higher doses cause negative effects. Other workers have reported increases in benthic biomass (expected to positively correlate with bioturbation and aRPD) as nutrient loading begins to increase, followed by a leveling off or by declines as nutrient loading continues to increase, but these results have been complicated by interactions of N loading with other factors. An initial increase in benthic biomass with nutrient additions relies on a condition of food limitation under low levels of nutrient availability, paired with system attributes (transport time, turbidity, etc.) such that increased nutrients lead to increased primary production. A subsequent decrease in benthic biomass with a continued increase in nitrogen loads is often linked to the effects of low DO, strongly affected by the system attributes that contribute to low DO (transport times, physical energy, stratification, etc.) and other factors that may play a role as well. Josefson and Rasmussen (2000) worked in 14 shallow Danish estuaries and reported an increase in biomass in the initial stages of eutrophication followed by a decline in biomass at high loadings but hypothesized that in these estuaries the decline had more to do with high flushing rates rather than with the effects of low DO. Kemp and Boynton (1992) reported a trend of increased biomass in the early stages of eutrophication, followed by a low-DOdriven decrease in biomass at higher loadings, but observed that seasonal effects played a large role in determining these patterns. These two studies compared responses at the whole estuary scale. Neither of these studies looked at spatial patterns in this trend at a level of resolution comparable to that of our study. Our findings show, for the first time to our knowledge, the effects of low, medium, and high local nutrient concentrations on a critical biological response within individual estuaries as a "hump-shaped" curve and also the shifting of this curve among different estuaries due to other factors and amongestuarine variability. It should be emphasized, however, that the "hump-shaped" trend (e.g., Fig. 4) is not intended for quantitative prediction purposes but rather for the characterization of benthic function (bioturbation) relative to N loading.
Sources of Variability
The high scatter in the data (r 2 =0.21) can be attributed to the effects of many other factors and system attributes on the variability of both nitrogen and DO. This variability resulted not only from the complexity of the relationship between nitrogen and secondary responses but also from many important biogeochemical processes that were not quantified. Moreover, some sampling-related factors contributed to this high scatter. First, stations existed in many systems and were visited in various years. Table 2 displays the stations and dates that met the above-mentioned selection criteria. Some systems had very few stations to resolve the trend (see the italicized stations in Table 2 ). Also, locations within each system changed between collection dates (notice, for example, the locations of Kickamuit River stations in 2001 and 2003; Fig. 2a ). Sometimes the stations did not mimic the concentration behavior or did not cover the full range of concentrations presented in our study (Fig. 5) . For example, the 2003 stations in the Kickamuit River did not include the full range of N-LAC (see Fig 2a, location of station 10) , causing only the rising part of the hump-shaped trend to be resolved (Fig. 3) . The same behavior was observed in Bristol Harbor 2001 data. Future studies should locate stations to include the full range of concentrations.
The hump-shaped trend was also observed in Niantic River 2003 data but it was shifted along the horizontal axis like those of Kickamuit River and Bristol Harbor (Fig. 3) . To eliminate these shifts, all N-LAC values were normalized by the N-LAC at the peak aRPD in the respective system. Figure 6 shows the trend (r 2 =0.28, P=0.0015). A more mechanistically driven regression of this trend, however, would require further investigation under more elaborate laboratory and field settings, where controlled conditions could reduce much of the scatter around the trend. It is important though to identify empirical trends in nature as we did before engaging in more detailed field or lab studies to answer specific questions.
Salinity is a factor well known to affect benthic fauna in estuaries. In our study, salinity ranged from 27.7 to 31.7 psu, and the effects of salinity on our results were controlled by the tight range of salinities that we sampled. Our study did not include any oligohaline areas. Further, near-bottom salinity measurements (Tables 1 and 2 ) did not correlate with aRPD measurements in our systems. Similarly, the seasonal effects on bioturbation were controlled by sampling within a window of July-September during the peak season for hypoxia, although some variability may have been introduced among samples collected early or late in the sampling window.
Abdelrhman (2007) showed that exchanges at the seaward boundary can considerably affect the concentrations inside the embayment. Three possibilities are discussed here to investigate the impact of seaward ambient concentration (Eq. 1) on the concentration-response relationship (e.g., Fig. 4) . The first possibility is that the same ambient concentration exists outside all systems. The observed annual average (ambient) total nitrogen concentration (including PON) off-shore of our Northeastern USA systems is approximately 300 μg L −1 (personal communication, Ed Dettmann, US EPA, Narragansett, RI, USA). Adding this or any other value to all stations in Fig. 4 would have shifted the hump-shaped relationship to the right on the horizontal axis without changing its shape. The second possibility is that the concentrations outside embayments are highly correlated with the concentrations inside. This assumption is supported by field measurements in the Narragansett Bay area. An analysis of historical data (not presented) indicates that the nitrogen concentrations inside and outside of Narragansett Bay were linearly correlated (r 2 =0.76). The reported measurements were collected during various months between August 1972 and August 1973 (Lemerise 1994 Kremer and Nixon 1978) , and the outside concentration was∼54% of the average concentration inside the system. Increasing the concentrations by this ratio or by any other fixed ratio would spread the range of concentration on the horizontal axes without altering the hump shape of the concentration-response relationships. A third possibility is that the outside concentrations are correlated randomly with inside concentrations. To test this scenario, we assumed a simplified hypothetical case with a uniformly distributed concentration inside a fictitious embayment. The outside concentration would be a random fraction (≤ 1) of this value; therefore, the inside concentration could increase up to twice its value. Applying these rules to our data, the N-LAC was allowed to change independently and randomly at any location up to twice its value according to the following relationship:
Local average concentration ¼ ð1 þ RÞ 
where R is a random number (0≤R≤1). Equation 2 assumes that stations do not see a predictable ambient (seaward) contribution (as in the previous cases) but rather that each station can have its unique seaward contribution, which varies between zero (i.e., no change in concentration at the station) to a maximum value of one (i.e., double the concentration at the station). Many tests were run for various random numbers, and they all produced similar humpshaped behaviors with similar r 2 values. We conclude that the impact of seaward ambient concentration on the shape of our concentration-response relationships (e.g., Fig. 4) is insignificant.
Validation
The approach that we present to calculate LAC was validated using field measurements in the Acushnet River (Table 2) , MA, USA. Both salinity (derived from freshwater LAC) and N-LAC showed a very close agreement with field observations (Abdelrhman and Cicchetti, 2010 (Table 3) . Stations 3 and 5 were excluded for being influenced by a nearby creek and a pond, respectively. The above-mentioned seaward ambient value of 300 μg l −1 was added to our N predictions to obtain a rough estimate of total N concentrations, which reasonably mimicked the observed values in Bristol Harbor (Fig. 7) .
Causes
The "hump-shaped" trend in our data can be explained by dividing it into an ascending phase (enrichment or enhancement) followed by a descending (DO-affected) portion (Figs. 3, 4 , and 6). The ascending portion of the curve is seen at stations with low N concentration at the seaward mouth of the embayments. We hypothesize that food availability is a limiting condition there, and hence benthic activity levels increase as nutrients increase. The hump or peak in the curve marks nitrogen concentrations where DO and food availability are most favorable for benthic activities and where bioturbation is maximized. Additional nitrogen loads initiate decreases in activity, which we hypothesize is attributable to low DO in our set of estuaries, many of which are known to be affected by low DO levels (Saarman et al. 2008, Parker and O'Reilly 1991) . The shape of this curve agrees with the hypothesis that high nitrogen concentration and persistence at a location (as reflected by the N-LAC) enhances phytoplankton and microalgal growth, first enhancing benthic function by providing food then leading to death and decay, which depletes near-bottom oxygen concentrations and diminishes benthic function. There are many other system attributes (2003) . The local average concentrations of nitrogen were normalized by the concentration value for the maximum aRPD of the respective embayment. ANOVA indicated that the quadratic trend is highly significant (P=0.0015) when compared to the linear trend. In addition, the analysis of covariance (ANCOVA) for the five collections indicated that there are no significant "areaspecific" deviations (P=0.92) from the general trend and interactions that affect these processes, including light, temperature, salinity, and stratification. Further discussions of these interactions are beyond the objectives of this work, and we do not have appropriate data with which to evaluate these confounding factors. Nonetheless, our work shows an empirical correlation which supports current understandings of relationships among nitrogen, food availability, and benthic function. Our work also refines this understanding by showing how these relationships change within a single estuary with local nitrogen concentration and how different estuaries show a comparable, but shifted, pattern.
Applications and Implications
Methodologically, our study suggests that the use of N-LAC is an effective way to relate nutrient loading data estimated at the scale of an entire system to effects seen at specific locations and individual stations. This concentration estimate may be a valuable tool in helping to better understand some of the system-level processes and attributes-and sub-system-level processes and attributes-that are related to transport time. Further, as others have reported, we found sediment profile imaging to be an effective assessment method for evaluating benthic condition over meaningful spatial scales.
Ecologically, we report that the bioturbation activity in our Northeastern USA estuaries shows an increasing phase followed by a declining phase as nutrient concentration increases. While others have reported related findings, our analyses include system-and station-level attributes related to local transport time (through the local average nitrogen concentration), providing a more robust result. This allowed us to explore spatial patterns at a level of resolution not previously examined. Our results suggest that the estuarine gradient and the spatial patterns of Northeastern USA estuaries support the full range of eutrophic effects-from enhancement of faunal activities under food limitation to cessation of most faunal activities through the effects of low DO-according to the range of nutrient concentration within a system. Figure 5 presents the ranges of N concentrations for all systems ( Table 2 ). The shaded region highlights the range with highest aRPD (displayed also in Fig. 4) . Ten of our systems show concentration ranges that do not extend to this region for a hump-shaped behavior to fully develop. For example, the N concentration for Cuttyhunk Pond ranges from 2.5 to 4.8 μg L −1 (Table 2) , which falls below the highlighted range for optimum activity (Fig. 5) . This system has reduced faunal activities in muddy substrates as indicated by the position of the full squares in Fig. 4 to the left of the optimum range. This type of analysis can help guide management decisions relevant to these systems by identifying proper loads and areas for restoration based on a proxy (aRPD) for a benthic parameter (bioturbation) that is ecologically significant. Teal et al. (2008) demonstrate the importance of bioturbation in marine soft sediments as a primary driver of many biogeochemical processes (e.g., nutrient generation; and associated rates in a habitat that occupies a large percentage of Earth's surface (Teal et al. 2008) . Cloern (2001) points out the far-reaching consequences of nutrient enrichment on benthic and pelagic food webs, e.g., when hypoxia decreases the average size of macrobenthic food sources, small predators are favored over larger predators. Active bioturbation is correlated with larger and more diverse benthic fauna Rosenberg 2000, Solan et al. 2008) . Our results should assist scientists and managers interested in spatial differences in benthic trophic function, biogeochemical cycles, and biogeochemical rates in estuaries.
Summary
Our results for benthic function complement studies of faunal structure, abundance, and biomass (e.g., Pearson and Rosenberg 1978; Josefson and Rasmussen 2000; Magni et al. 2009 ). Our results further show that increasing nutrient loadings in Northeastern USA estuaries can cause significant alterations to the basic benthic function of bioturbation, which affects or controls many other processes through complex interactions and pathways. If nutrient loading, coastal eutrophication, benthic enhancement, incidences of low DO, and resulting declines in benthic biomass and function continue to increase (together with other stressors), then the resulting series of impacts will certainly affect ecological, societal, human health, and economic systems. Clearly, effective and precise science-based tools are needed for environmental restoration, management, and protection in the face of a changing world.
